ABSTRACT
INTRODUCTION
Corrosion is known as a serious and challenging problem faced by various industries. [1] [2] [3] [4] [5] [6] [7] [8] [9] The use of organic inhibitors is recognized as a practical method to reduce the corrosion rate in many industrial parts. 4, [10] [11] [12] [13] Therefore, a wide range of research has been performed to introduce new compounds that are more efficient and cost effective. 4, 7, 10, [12] [13] [14] [15] [16] [17] [18] [19] There are several factors like the nature of metal, aggressive ions concentration, pH value, temperature, immersion time, hydrodynamic flow, etc., that can strongly affect inhibitors' performance. 6, 11 Thus, a large number of experiments are needed to thoroughly evaluate the effect of various factors on the inhibitive performance of a considered compound. In general, the method of testing one factor at a time is generally used as an alternative in order to reduce the number of experiments. For instance, the effect of inhibitor concentration is first examined at room temperature to find the optimum concentration and then the temperature effect is investigated at a constant inhibitor concentration. In this respect, the probable interaction between factors, which gives valuable information on inhibitor performance, will not be detected in detail.
Experimental design methods are a collection of mathematical and statistical techniques helpful for developing, improving, and optimizing the processes. 20 They can be used extensively to evaluate the relative significance of several affecting factors even in the presence of complex interactions. 21 The main objective of experimental design methods is to determine the optimum operational conditions of the system or a region that satisfies the operating specifications. Furthermore, design of experiments is the most efficient approach for organizing experimental work. 22 Experimental design can reduce the number of experimental runs required to determine the effect of changing variables of one process. Another benefit of the design of experiments is that it allows the effect of one variable to be investigated at several levels of other factors. 22 It selects a diverse and representative set of experiments in which all factors are independent of each other, despite being varied simultaneously. [23] [24] [25] [26] The results can reveal the importance of all factors and their interactions, and additionally, the outcomes can be summarized as informative plots. 26 In this way, response surface method (RSM) is known as a statistical and mathematical method that is useful for modeling and analyzing engineering problems. [27] [28] [29] RSM also quantifies the relationship between the controllable input parameters and the obtained response. 27, [30] [31] It can be employed to evaluate the relative significance of several affecting factors even in the presence of complex interactions. 22, 26 Basically, the main objective of RSM is to determine the optimum operational conditions of the process or to establish a region that satisfies the operating specifications. [29] [30] [32] [33] [34] In the present study, RSM using central composite face-centered (CCFD) design was introduced as a practical method to explore and model the inhibitive performance of compounds in various environmental conditions. As an example, the effect of temperature, hydrochloric acid, and inhibitor concentrations on the inhibitive behavior of 4-aminophenyl disulfide (4ATP) for mild steel was examined. Corrosion current density estimated by potentiodynamic polarization technique was considered as a response. Further, two mathematical models were established in order to estimate mild steel corrosion rate in the inhibited and uninhibited solutions. Analysis of variance (ANOVA) was applied to investigate the adequacy of model parameters. Using the obtained mathematical models, the inhibitor efficiency and adsorption energy were calculated in different conditions.
EXPERIMENTAL PROCEDURES
The inhibitor was 4ATP and was synthesized according to the procedure presented in this reference. 35 The working electrode was selected from a ST37 steel rod (UNS K02401) (1) with a chemical composition (in wt%) as follows: 0.16% C, 1.3% Mn, 0.04% S, 0.031% P, and Fe as balance. The sample was then cold mounted in a self-cure epoxy resin, resulting in a 1 cm 2 exposed area. A saturated calomel electrode and a platinum wire were used as reference and auxiliary electrodes, respectively. In order to estimate the corrosion rate (herein response variable), potentiodynamic polarization was performed in the range of -250 mV to +250 mV around the corrosion potential at a sweep rate of 60 mV/min using a Gill AC † laboratory potentiostat (ACM Instruments). The corrosion current densities were calculated by Tafel extrapolation of polarization curves. Prior to potentiodynamic polarization, in order to approach steady state, the samples were held in the corrosive solutions for the duration of 45 min, and the corrosion potentials were recorded. Before each electrochemical measurement, the specimen was mechanically ground up to 1000 grit emery paper, then washed in deionized water and immediately dried with air flow. The electrolytes, aqueous solutions containing various HCl concentrations, were prepared using Merck † reagent and distilled water. The temperature was controlled by means of a water bath with ±1 o C accuracy. The electrochemical cell was a 250 mL beaker that was open to air.
STATISTICAL ANALYSIS
The statistical analysis of the results was performed with Design Expert † (Version 7.0) statistical software. In order to analyze the experimental data, multiple regression analyses through the least square method were used. The ANOVA combined with Fisher's statistical test (F-test) were used to evaluate the significance of terms. The regression coefficients of all the terms including linear, quadratic, and interaction involved in the model were analyzed by generating ANOVA tables. The fit of models was checked by calculating coefficient of determination (R 2 ), adjusted coefficient of determination (R 2 adj ), and predicted coefficient of determination (R 2 pre ). After checking the models adequacy, surface plots were constructed to evaluate the relationship between the independent variables and the response.
DESIGN OF EXPERIMENTS AND ANALYZING DATA

Inhibited Solutions
Temperature (called X 2 ) and inhibitor concentration (named X 3 ) are the most important factors affecting inhibitive performance of organic compounds. 10, [18] [19] 35 In this work, the temperature range and inhibitor concentration were considered to be varied from 25°C to 45°C and from 25 mg/L to 200 mg/L (ppm), respectively. In addition, acid concentration (labeled X 1 ), which represented both pH value and aggressive ion concentration, was considered in the range of 0.1 M to 1 M. It should be noted that the main objective of this study was to introduce RSM for inhibitors studies, not to be an in depth study on the inhibitive performance of 4ATP. Thus, other fac- (1) tors like hydrodynamic flow and immersion time that would surely manipulate the inhibitor effectiveness were not taken into account.
At first, a full two-level factorial design was used to investigate factors that may have a significant effect on the mild steel corrosion rate as the response value. As known, this method considers the factors only at two levels: low and high level (-1 and +1). In the use of a full two-level factorial design, a linear relation is assumed between the factor effects. Perfect linearity is not mandatory and this method will work quite well even when the linearity assumption only approximately holds. 20 However, there is a method of replicating the center point (a design point in the middle of each factor), which will provide protection against curvature. In addition, it allows an independent estimation of the obtained error. 20, 22 In this way, some replicates at center point are added to the two-level factorial design. Table 1 shows the range and the levels of the variables in both natural and coded forms, and also the corrosion current densities (i corr ) pertaining to each point. The data were collected by conducting the experiments in a random order of run numbers. There were 8 runs without any replication at design points and also 4 replicates at the center point for ANOVA to run, which have been presented as Block I. Table  2 represents the ANOVA test for the data corresponding to Block I. As can be seen, temperature, acid, and inhibitor concentrations were significant factors, and there was an interaction between temperature and inhibitor concentration factors. The F-value of 68.5 implies the presence of a significant curvature in the design space. There was a 0.01% chance that a curvature F-value with a large value could occur as a result of the noise. Consequently, the linearity assumption should not be applied. In this case, the linear relation and interaction were not capable of predicting the response accurately. 20 Thus, a second-or higher-order response surface model was necessary to approximate the surface around a curvature. Generally, a secondorder response surface model (quadratic terms) is 
where Y is the response (here i corr ); X i and X j are variables (i and j range from 1 to k); b o is the model intercept coefficient; and b i , b ij , and b ii are the regression coefficient of independent variable, linear interaction coefficients, and quadratic terms, respectively. In addition, k is the number of independent parameters and ε i is the error. In order to estimate the second-order terms in model, six points were added to the experiments according to CCFD. 24, 36 Table 1 represents the additional tests to estimate the mathematical model containing quadratic terms as Block II. The data were analyzed so that all of the possible terms that could be placed in the model were first considered. While selecting an appropriate transformation, which gives the best fit of model, the significance of all of the parameters was also being checked. Afterward, insignificant terms were removed from the model so that the lack-of-fit parameter was not significant. The corresponding ANOVA for the final model has been presented in Table 3 . As stated, statistical testing of the model was done by F-test for ANOVA. The F-value in this table is the ratio of mean square because of regression to the mean square of the real error. If a model is a good predictor of the experimental data, the calculated F-value should be as large as possible. The model F-value of 172.5 implies the model is significant. Statistically, there is only a 0.01% chance that such a large Fvalue could occur because of the noise. P-values less than 0.05 indicate model terms that are significant at the probability level of 95%. Values greater than 0.1 indicate that the model terms are not significant.
The normal error distribution was confirmed by plotting the normal probability plot of the studentized residual for the model (Figure 1[a] ). Also, the constant Figure 1(a) , the values of R 2 and R 2 adj were quite close to 1.0, which is favorable. This means that the regression model provided an excellent explanation of the relationship between the independent variables (factors) and the response (corrosion rate). The R 2 value gave emphasis that 96.77% of the variability in the response could be obtained by the model, which means the model did not explain only 3.23% of the total variation. The value of adjusted determination coefficient also was high and was an indication for high significance of the model. In addition, a good correlation between the response predicted by the model and obtained by experiments was proven by the high value of R 2 pre .
Uninhibited Solutions
In the previous section, a mathematical model was established to predict the corrosion rate of mild steel in the inhibited solutions at various conditions. In order to estimate inhibitor efficiency, another model needed to be acquired that could estimate the corrosion rate in the uninhibited solutions. Therefore, RSM according to CCFD was again employed to design the required experiments. Table 4 represents the designed experiments at different points and the corresponding corrosion rate. In total, there were 12 tests to run: 4 runs at the design point, 4 runs at the star point (face-centered point), and 4 points at the center point. During the data analysis, a transformation similar to that used for the model in presence of inhibitor was selected for i corr . Table 5 represents the ANOVA test for the preferred model. Considering too small of p-value, acid concentration and temperature were significant, and the acid-temperature interaction had a great impact. In addition, the lack-of-fit parameter was not significant; thus, this confirmed that other parameters not considered in the model do not have the required adequacy. Additionally, the normal error distribution and the constant error assumption were confirmed by plotting the normal probability plot of the studentized residual and the studentized residual vs. predicted 
The Test of Models' Reliability
The acquired models can provide confidence intervals to estimate the corrosion rate of mild steel at each point of the design space. The following formula can be used to construct the 95% confidence interval: 20 y -t S n µ y t S n 2 ,( n-1) 2 ,( n-1)
In this expression, y is the response value predicted by model (herein corrosion rate), α is confidence parameter (herein α = 0.05), n is the number of replicate (herein the number of replicate at center point), and S is standard deviation estimated by data acquired at center points. In addition, tα / 2 ,(n-1) is the value of Student's t-distribution for α / 2 and (n-1).
In order to check the accuracy of models in predicting the response at non-designed points, some random points at the design space were selected. Figure 3 , depicts the polarization curves at random points to check the model accuracy. Table 6 represents the i corr at check points and also the confidence intervals constructed by Equation (4) . As can be seen, all of the corrosion rates measured by polarization test lay in the estimated intervals. This confirms that the obtained models are accurate enough to predict the mild steel corrosion rate at the investigated levels. 
TABLE 6 Confidence Intervals Constructed by Models and i corr Estimated from Polarization Curves at Check Points
DISCUSSION
The surface plots can be constructed to assess the relationship between various independent variables and the considered response. Figure 4 depicts the effect of acid concentration and temperature on mild steel corrosion rate in absence of inhibitor. As can be seen, acid concentration has an insignificant effect on i corr when the temperature is low. But, simultaneously raising temperature and acid concentration gives rise to a considerable increase in corrosion rate. In other words, the effect of acid concentration, which determines both pH value and chloride ion concentration, is fortified by the temperature. This effect refers to more chemical adsorption of Cl -ions into the surface when the temperature increases, resulting in more anodic dissolution of iron by catalytic effect of chloride ions. 7, 15, 18 The simultaneous effect of acid concentration and temperature on i corr has been shown in Figure  5 in presence of 20 ppm 4ATP. As can be seen, with increasing acid concentration at low temperature, the corrosion rate does not change significantly. However, a slight increase is observed in the corrosion rate with rising acid concentration at the elevated temperatures. This suggests that the negative effect of acid concentration can be impeded by an inhibitor even at low concentration. As known, the adsorption of inhibitor molecules into the surface decreases the active area exposed to the corrosive solution in such a way that more adsorption of Cl -ions and water molecules can be adequately prevented by inhibitor molecules. 14, 19, 35 Figure 6 illustrates the surface plots of i corr as a function of inhibitor concentration and temperature. As it is observed, the temperature intensively increases the corrosion rate. It is valuable that inhibitor concentration considerably diminishes the destructive effect of temperature. This fact is more obvious when in presence of 200 ppm 4ATP: the ascending trend of i corr with increasing temperature turns into a nearly flat line. As known, the temperature facilitates the iron dissolution in acidic media but the surface blocking with more inhibitor molecules can slow down the corrosion rate. Although temperature always increases i corr , the decreased intensity of i corr with increasing inhibitor concentration is more considerable when the temperature is low. This suggests that lower inhibitor concentration can adequately reduce the corrosion so that further addition is not cost-effective, which is very important from a practical point of view when the temperature is low. The surface coverage (θ) and inhibitor efficiency (%η) are parameters that are widely used to evaluate inhibitive performance of organic compounds in different conditions. In the present work, the obtained mathematical models are responsible for estimating i corr in absence and presence of inhibitor at each point of design space. As a result, surface coverage and inhibitor efficiency can be calculated with the following equations using the estimated corrosion current densities in absence (i Figure 7 shows the efficiency 4ATP as a function of inhibitor concentration in various conditions. It is remarkable that highest efficiency is obtained when acid concentration and temperature are at their highest level. This phenomenon refers to the more enhanced value in the corrosion rate by simultaneously increasing acid concentration and temperature in blank solutions, compared to the inhibited solutions. Thus, the enhanced efficiency must not be interpreted as improvement in adsorption performance. When the solution is 0.1 M at 45°C, the efficiency is at lowest obtained value but it shows an ascending trend with increasing inhibitor concentration and reaches 80% at 200 ppm. Although, the temperature gives rise to increasing the corrosion rate in both the inhibited and uninhibited solutions, the increased value is further at low inhibitor concentrations in comparison with blank solutions, resulting in a decrease in efficiency. While at a higher concentration, the inhibitor can noticeably slow down the corrosion rate, which can be observed as enhanced inhibitor efficiency. Comparison of efficiency at 25°C reveals that the acid concentration has no considerable effect on efficiency so that efficiency slightly increases with rising inhibitor concentration. In addition, efficiency evaluation in 0.5 M HCl shows that the temperature has a positive effect on the efficiency of 4ATP for mild steel. This could not be regarded as an enhancement in inhibitor adsorption because the improved efficiency basically results from the increased corrosion rate of mild steel in uninhibited solutions.
The adsorption isotherms provide important information on interaction between the inhibitor and the metal surface. Langmuir isotherm is generally applied because the inhibitors mostly obey this isotherm. 10, 16, 35, [38] [39] [40] [41] According to Langmuir isotherm, there is a relation between the surface coverage, θ, and inhibitor concentration in mol/L, C, as follows:
Considering Equation (7), the value of equilibrium constant, K ads , is calculated from the reciprocal of the intercept of C/θ-axis. Afterward, the standard free energy of inhibitor adsorption, ΔG 
In this expression, R is the gas constant, T is the absolute temperature, and 55.5 is the molar concentration of water in 1 L solution.
The acquired mathematical models make it possible to calculate the standard free energy of adsorption, ΔG Table 7 . As can be seen, all of the ΔG 0 ads are nearly similar and the adsorption mechanism of 4ATP on the mild steel surface in HCl solution probably involves both physisorption and chemisorption. 10, 35, 37 In other words, the adsorption type of 4ATP into the metal surface is invariable in HCl solutions, while inhibitor efficiency is altered with change in acid concentration and temperature. This suggests that 4ATP directly adsorbs into the metallic surface from suitable adsorption sites existing in molecular structures like sulfur and nitrogen atoms. It should be noted that ΔG 0 ads obtained for 4ATP in 0.1 M HCl solution and at 25°C is equal, as obtained in previous work. 35 Thus, it may be deduced that 4ATP has a different efficiency for various types of mild steel but the type of adsorption will remain constant in a similar acidic solution.
CONCLUSIONS
v The response surface method is a good method to evaluate the inhibitive performance of organic compounds in different environmental conditions. RSM presents tridimensional plots which provide good insight in order to analyze and discuss the acquired results. Also, it reduces the number of experimental runs required for comprehensive evaluation of inhibitor performance, leading to the minimizing of cost and time of experimentation. A more important benefit is that RSM also allows investigating the effect of one variable at several levels of other factors. The mathematical models can be acquired to estimate the corrosion rate in various circumstances and provide the possibility of the calculation of inhibitors' efficiency and also their adsorption isotherms at different conditions. As an example of an application, three effects of temperature, acid, and inhibitor concentrations on inhibitive behavior of 4ATP for mild steel were studied. Two mathematical models were established in order to estimate mild steel corrosion rate in the inhibited and uninhibited solutions, and the efficiency in various conditions was calculated. The adsorption energy was calculated using Langmuir isotherm in different conditions. The results showed that the efficiency changes in various conditions, but the adsorption type remains constant.
